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PREFACE

This book is the fourth in a series of RAC data publications dealing with discrete
semiconductor device reliability. It offers a detailed presentation of transistor, diode and
optoelectronic device failure experience data as well as failure mode and mechanism information.
Pertinent analyses have been performed on the available data, investigating trends and presenting
conclusions. The data ini this publication covers the 1976-1987 time span and has been collected
from both military and commercial data sources.

DSR-4 is intended to supplement the data and guidelines in various military publications such
as MIL-HDBK-217E and is not intended to be used in lieu of contractually cited references.

Other available RAC databooks treat the reliability experience of microcircuit, hybrid, and
nonelectronic components.

Major technical contributors to this effort were David Coit, David Mahar and William
Crowell. Typing and assembly were performed by Jeanne Lasher.
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SUMMARY

The objective of this publication is to update the discrete semiconductor device reliability data
and information currently available to the reliability community.

Field and test failure data are presented in detailed and summarized formats on state-of-the-art
transistors, diodes, and optoelectronic devices. In addition to the standard component types,
particular emphasis was given to the collection of data on the following low population part types:

GaAs Power FETs
Varistor Diodes
Infrared LEDs
Current Regulator Diodes
Microwave Diodes and Transistors
Liquid Crystal Displays
Photovoltaic Cell Arrays
Transient Suppressor Diodes
Diode Array Displays
Microwave Diodes
Microwave Transistors

Table 1 summarizes the data presented in this publication.

Significant issues with respect to discrete semiconductor device reliability are investigated
including the validity of the exponential time to failure distribution, the effect of technological
advances on device reliability, and the effects of electrical parameter derating. In addition, failure
mode and mechanism data is presented for transistors, diodes, liquid crystal displays and
photovoltaic cell array modules.
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INTRODUCTION

This book provides up-to-date failure rate information on discrcte semiconductor devicez.
The data, including both field experience and test data, spans the period from 1976-1987 updating
the pre-1978 DSR-3 data.

Data is presented on all transistors, diodes and optoelectronic part types currently covered in
MIL-HDBK-217E as well as special or low-population parts including:

• GaAs Power FETs
• Transient Suppressor Diodes
• Infrared LEDs
• Diode Array Displays
• Current Regulator Diodes
• Photovoltaic Cells
* Liquid Ciystal Displays
• Microwave Diodes
* Microwave Transistors

Although liquid crystal displays are not semiconductor devices, the RAC regulaily receives
inquiries from users requesting information as to their reliability and will use this databook as the
medium for presenting such information.

Pertient device and application-specific details characterizing the device failure are presented
in the detailed data section including:

• Device Type
• Package Type
• Screen Level
• Application Environment
• Temperature
• Electrical Stress
* Number Tested
* Number Failed
• Part Hours

Failure mode and mechanism data was compiled for transistors and diodes from reliability
demonstration test reports and is presented in both tabular and graphical formats. Data from
individual data sources is presented for photovoltaic cell modules and liquid crystal displays. Such
data is critical to Failure Modes, Effects and Criticality Analyses (FMECAs).

Various graphical analyses and comparisons are performed on the data and results are
discussed from a reliability perspective. In addition, a comparison of DSR-4 field failure rates
against DRS-3 field failure rates was conducted to determine the effects of processing and
technology changes over the last 10-15 years.
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1.0 USER'S GUIDE TO DSR-4

The data and information presented in this publication are intended to aid the reliability
engineer in assessing the reliability of electronic systems and equipment containing discrete
semiconductor devices. The user is cautioned, however, that this data is intended as a supplement
to the information in military documents such as MIL-HDBK-217E, Reliability Prediction of
Electronic EqUipment, amd shall nor be used in lieu of contractually cited references.

Data is presented on the gamut of discrete semiconductor devices including small signal,
rectifier, and zener diodes, bipolar and field effect transistors, microwave diodes and transistors.
Of particular interest will be the data presented on low population, state-of-the-art devices which
are either not addressed in other reliability-related documents or for which available data is out-of-
date and/or scarce.

This data book is organized into the following four sections:

2.() Failure Data Analyses
3.0 Failure Mode and Mechanism Data
4.0 Detailed Failure Data
5.0 Data Sources

Section 2.0 presents the results of various analyses performed on the detailed data presented
in Section 4.0. First, data summaries are presented for generic component categories for which
there was sufficient field failure data. The data in these analyses included data from five data
sources (designated as Sources I through 5) which are described in detail in Section 5.0. Based
on the data in this table, graphical comparisons ' . made between various diode and transistor
types, respectively. These comparisons are intended to assist engineers in design trade-off
decisions.

A graphical comparison between component failure rates from the various data sources is
also presented. Data Sources 1 through 3 represent airborne applications which employ military-
grade (JANTX) components. Data Source 4 provided data from a military naval environment also
employing military grade (90% JANTX, 10% JAN) components, and data Source 5 provided data
from a number of commercial laboratory-type equipments with unscreened components (77.5%
plastic encapsulated and 22.5% hermetically sealed).

The second analysis in Section 2.0 is an investigation of the validity of the exponential time-
to-failure assumption, which is the basis for all MIL-HDBK-217E-type semiconductor failure rate
prediction models. The validity of this assumption has been challenged often since it assumes a
constant failure rate over time while most failure mechanisms affecting discrete semiconductor
devices are reported in the literature as fitting a log-normal distribution.

The third analysis presented in Section 2.0 investigates the impact of design and processing
technology advances made over the last 10-15 years on observed field failure rates. To perform
this investigation, field data in this publication is compared with field failure data from similar
equipments presented in its' predecessor DRS-3 (dated 1979).

The final analysis presented in Section 2.0 is an investigation of the effects of electrical stress
on component failure rates. Several publications such as RADC-TR-84-254, Reliability Derating
Procedures and ESD-TR-85-145, Derated Application of Parts for ESD Systems, stress the
benefits of electrical derating on equipment reliability. These effects are investigated for part types
for which sufficient stress level information was available.



Section 3.0 presents failure mode and mechanism data for transistors and diodes compiled
from reports of reliability demonstration tests conducted in accordance with MIL-STD-781,
Reliability Design, Qualification and Production Acceptance Tests: Exponential Distribution. This
data was limited to MIL-STD-781 type data to ensure all tests were conducted and evaluated
against similar criteria. An exception was made for two low-population part types: liquid crystal
displays and photovoltaic modules. Since so little data is available on these parts, other sources of
information were allowed. Failure mode and mechanism distributions are critical to the
performance of an accurate Failure Mode Effects and Criticality Analysis (FMECAs)

Section 4.0 presents the detailed failure data. The data is segregated first by general
component category, then within each category by part number and data type (field or test). The
device categories presented are:

Diode
Small Signal, Switching
Small Signal, General Purpose
Rectifier
Rectifier, Fast Recovery
Rectifier, Bridge, Full Wave
Zener
Zener, Voltage Regulator
Zener, Voltage Reference
Current Regulator
Transient Suppressor
Microwave, Tunnel
Microwave, Schottky Barrier
Microwave, PIN
Microwave, Varactor
Microwave, GUNN Effect
Microwave, IMPATT

Transistor
Bipolar, NPN
Bipolar, PNP
Field Effect, Junction, N-channel
Field Effect, Junction, P-channel
Field Effect, MOS, N-channel
Field Effect, MOS, P-channel
Unijun -tion
Microwave/RF, Field Effect
Microwave/RF, Bipolar
Multiple, Complementary Pair
Multiple, Darlington
Multiple, Matched Pair
Special Function, Choppcr

Thyristor
Thyristor
SCR
TRIAC
Triode, Trigger



Optoelectronic
Emitter, Single LED
Emitter, Single LED, Infrared
Emitter, LED Array
Emitter, Laser Diode
Sensor, Photodiode
Sensor, Phototransistor
Photocoupler,
Photocoupler, Phototransistor Output
Photocoupler, Photodarlington Output
Photocoupler, IC Output
Alphanumeric Display, LED, Segment Type
Alphanumeric Display, LED, Array Type
Alphanumeric Display, Liquid Crystal
Photovoltaic Module

Pertinent device and application-specific details are presented for each data record. The field
and associated field values in the detailed data section are explained in Section 4.0.

Although the majority of data contained in the database is from field operation, there is some
test data presented that is the result of high temperature operating life tests performed by either part
manufacturers or as a result of specialized research projects. Although such tests are not
representative of actual usage conditions, it is often the only failure data available for state-of-the-
art components and/or low usage part types which have not had sufficient time to accumulate field
data. This was the case for GUNN diodes, GaAs FETs, and laser diodes. Often such data is used
to app-oximate operating conditions by assuming it represents a ground benign environment at
elevated temperatures. The temperature effects are extrapolated to typical operating temperatures
by assuming that the Arrhenius relationship is valid.

The Arrhenius relationship models the reaction rate of discrete semiconductor failure
mechanisms within a specific temperature range. The Arrhenius model is based on empirical data
and predicts that the rate of a given chemical or physical reaction, in this case a failure mechanism,
will be exponential with the inverse of temperature. Conceptually, the Arrhenius model is given
by:

Reaction Rate o exp (-Ea/KT)

where:

Ea = activation energy (eV) (Every chemical reaction has a unique activation
energy associated with it)

K = Boltzman's constant

= 8.63 x 10- 5 (eV/0 K)

T = temperature ('K)

The observed failure rate at an elevated temperature can be extrapolated to usage
conditions as follows:

3



X2= -, exp [ -Ea/K (l/r - 1/T2)]

where:

X.2 = usage failure rate estimate at T2

X-1 = test failure rate observed at T1

a = activation energy

K = Boltzman's constant

T2 = usage operating temperature (OK)

T1  = test temperature ('K)

The caveat with this approach is that each failure mechanism has a unique activation
associated with it. Furthermore, during the life of discrete semiconductor components, there can
be several such mechanisms proceeding simultaneously, each capable either individually or jointly
of causing a part failure. Reference 15 presents one approach to dealing with this discrepancy.

It has been found, however, that for general classes of components with similar failure
mechanism distributions the cumulative effects of the various reactions can be approximated by a
single Arrhenius model for a specified temperature range. This relationship has been designed as
the "equivalent Arrhenius relationship." This is the approach used in generic failure rate prediction
models such as those in MIL-HDBK-217E.

Section 5.0 is a detailed description of the sources of data for this publication.
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2.0 DATA ANALYSIS

2.1 DATA SUMMARIES

The table and figures presented in this section are summaries of the data presented in the
detailed data section, Section 4.0. Only part types for which there was a sufficient quantity of
data were included in the summaries. In general this excludes low population parts such as
microwave devices, most optoelectronics, etc.

Table 2 presents generic component failure rates for the five predominant data sources which
provided data for this publication. The five sources are described in detail in Section 5.0, Data
Sources. Briefly, Source 1 data is a conglomerate of data from all 16 MIL-HDBK-217 avionic
environments, Sources 2 and 3 data are from an airborne, inhabited fighter environment, Source 4
data is from a naval submarine application, and Source 5 data is collected from a number of
laboratory equipments in a controlled environment. Source 1 through 4 data contains military
grade components (i.e., JANTX or JAN screen level and hermetically sealed) and Source 5 data
contains unscreened parts, predominantly plastic encapsulated. The number of data points
reflected in the failure rate entries is in parenthesis next to the failure rate to allow the user to
exercise judgment when evaluating the data.

Figure 1 is a comparison of diode failure rates for the purpose of design trade-off decisions.
Only data from the airborne data sources was used for this comparison in an attempt to minimize
any differences introduced by environmental and application-type effects. Figure 2 presents similar
information for transistors.

Figures 3 and 4 compare the average diode and transistor failure rates respectively for the five
data sources in Table 1. It is evident that components from data Sources 2 and 3, namely the F- 16
HUD and F-16 FCC, are consistently higher failure rate items. When the aspects of the various
data sources are examined closely, this is not surprizing. The F-16 equipments experience
relatively higher levels of vibration and shock than the other equipments (particularly from
Sources 4 and 5). Additionally, fighter aircraft equipment, in particular, experience high levels of
power and thermal cycling including both a greater quantity of cycles and much shorter cycling
intervals. Furthermore observed failure rates for similar devices can differ for several reasons
including the natural variability in the data, different data collection practices, equipment design,
and both component and equipment manufacturing and screening procedures. Data Source 5
failure data, as explained in Section 5.0, is first year warranty data from commercial applications.
As such it is important to point out that long term failure mechanisms such as moisture and
contaminant related failure mechanisms of plastic encapsulated devices are not reflected in the data.

It should also be noted that in addition to the variation in equipments, there are many sources
of variability in the reliability data collected at the part level. Some of this variability is due to:

* Inaccuracies in failure reporting
* Inconsistencies in the criteria used to detect failure
• Quality differences between manufacturers
* Random, induced failures appearing as inherent failures

RAC has attempted to make a homogenius dataset from all the various sources by choosing
only confirmed failures that were not induced, however the process to combine these sources
cannot be 100% effective. One predominant source of reliability variability in discrete
semiconductor devices is due to the various types of interconnects used in a particular package
style. For example, DO-7 packages with whisker/S-bend /C-bend construction exhibit intermittent
failures when exposed to shock and vibration. Additionally, DO-35 packages with silver "button"
construction exhibit intermittent and opens due to plastic deformation of the button. These are

6



nonscreenable failure modes and unfortunately the particular construction for each package style is
not known and cannot be reported in the data contained in this databook.
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2.2 VALIDITY OF THE EXPONENTIAL FAILURE ASSUMPTION

The primary purpose of failure rate prediction models for electronic components such as
those in MIL-HDBK-217E is to estimate the reliability of electronic equipment and systems. Such
failure rate prediction models are based upon the assumption of an exponential time-to-failure
distribution, which assumes a constant failure rate over time.

However, most failure mechanisms of discrete semiconductor devices investigated in the
literature reportedly follow a log-normal failure distribution. An investigation of such data was
conducted to determine the validity of an exponential approximation in this light. The analysis
presented in this section was performed by I.I.T. Research Institute under contract to Rome Air
Development Center (contract number F30602-85-C-0131).

There are many practical reasons why the assumption of a constant failure rate is preferred to
a time-dependent failure rate for MIL-HDBK-217E type failure rate prediction models.

Simplicity

The mean time between failures (MTBF) of a system whose component parts exhibit
constant failure rates is not time dependent. Alternatively, for a system made up of
components having nonconstant failure rates, the system MTBF will be time-dependent
and is therefore undefined unless a particular mission time is specified. The assumption
of exponentiality allows for failure rates to be summed in a series reliability network.

• Precedent

The exponential assumption is currently used for the electronic components in accepted
models such as those in MIL-HDBK-217E.

" Data Availability

If any distribution other than exponential is assumed, the parameters of the distribution
must be determined by analysis of cumulative time-to-failure data. This detailed
information is seldom available for field data sources. The exponential distribution
allows population parameter estimates to be made based upon total part operating hours
and total number of failures.

• Accuracy

When developing models such as those employed in MIL-HDBK-217E, any
improvement in model accuracy resulting from the use of a more complex distribution
(than exponential) may be insignificant when compared to the inherent variability
associated with reliability prediction and the "statistical noise" in the data.

An analysis of constant versus time-dependent failure rate distributions was undertaken using
observed time-to-failure data collected for this databook. However, due to the above-mentioned
advantages, it was predetermined that if discrete semiconductor failure rate prediction models could
be established as accurately with an exponential time-to-failure distribution as by a log-normal or
other time dependent failure distribution, the former is preferable.

The following paragraphs describe the analysis procedure followed.

All time-to-failure data for discrete semiconductor components was extracted from the
available literature. This data consisted of life test results at high temperatures. Ideally, it would

10



have been preferable to analyze time-to-failure field data since such data would more closely
approximate the actual usage environments. However, such data is not available. High
temperature life test time-to-failure data was available for the following device types:

Low Noise GaAs FETs
High Power GaAs FETs
General Purpose Transistors (NPN & PNP)
GaAs Laser Diodes
IMPATF Diodes
Schottky Diodes

Weibull analysis was then applied. The Weibull distribution is particularly useful in
analyzing life data since (1) it has repeatedly been observed to provide a good fit to the data, and
(2) it is a flexible distribution which can approximate many other statistical distributions,
depending upon the value of 3, the shape parameter. Table 3 gives some shapes of the Weibull
distribution which approximate other common distributions. The form of the Weibull distribution
varies between texts, but a common one is given by the probability density function:

t3-1t= ~exp (-(-)

where

f(t) = Weibull probability density function
a = scale parameter (characteristic life)
P = shape parameter
t = time

TABLE 3: WEIBULL SHAPE PARAMETERS (REFERENCE 1)

Shape Parameter. Distribution Type

3< 1 Gamma (k < 1)
3= 1 Exponential
3=2 Rayleigh
3 3.44 Normal (approx.)

Twenty-one individual data sets were plotted on Weibull probability paper, and the value of
3 was determined. Figures 5 through 25 illustrates the Weibull plots of the data. The results of
this step of the analysis were encouraging since, as can be seen from the plots, the values of p
seemed to center around 1.0. Table 4 presents of a summary of the best fit Weibull parameters.

The next step of the analysis was to force the best line with 3 = 1.0 through the observed data
points. This is also illustrated in the figures. The Kolmogorov-Smirnov (K-S) goodness-of-fit
test was then applied to the forced line. The intent of this step was to determine the degree of error
resulting from the exponential assumption. To apply the test, the value of the D statistic, the
largest deviation of observed from expected or theoretical value is compared to standard tables of
critical values at some predetermined level of significance (in this case 0.2). If D exceeds the
critical value, it can be concluded that the observations do not fit the theoretical distribution.

11
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Otherwise, it can be assumed that the observed distribution is not sirnificantly different from the
exp\,nential model. None of the data sets was significantly different from the exponential model at
20% significance. This implies that the available data does not indicate deficiencies with the
exponential assumption. The results of the Kolmogorov-Smimov test (KS) are presented in Table
5.

TABLE 4: OBSERVED WEIBULL PARAMETERS

Figure # Ref# Temperature (°C)() D
" 2 200 (Tc) 1.15 600

6 3 70 (Tc) .69 4,400

7 3 55 (Tc) 1.25 8,000

8 3 70 (Tc) .82 5,200

9 3 70 (Tc) .95 230

10 3 70 (Tc) .57 10,000

11 4 245 (Tc) 1.10 950

12 4 231 (Ta) 1.60 580

13 5 90 (Tc) 220 (Tj) 1.15 1,300

14 5 90 (Tc) 220 (Tj) .75 2,000

15 6 70 (Ta) .87 8,000

16 7 20 (Tc) 1.05 6,000

17 8 300 (Tj) 1.60 4,000

18 9 228 (Tj) 1.00 2,700

19 10 200 (Ta) 1.20 1,600

20 10 200 (Ta) .73 1,500

21 10 220 (Ta) 1.00 500

22 10 220 (Ta) 1.32 700

23 10 85 (Ta) .85 3,100

24 10 120 (Ta) 1.00 2,100

25 10 240 (Ta) 1.46 1,200

NOTES: (1) Tc = case temperature

Ta = ambient temperature
Tj = junction temperature

Reliability Analysis Center, Griffiss AFB, NY 13441
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TABLE 5: D STATISTIC TEST RESULTS'

# of Maximum D Statistic (0.2
Fi -ure# Ref.# Failures Deviation Significance Level) Conclusion

52 4 .022 .494 Fits 3=1.0

6 3 5 .078 .446 Fits 3=1.0

7 3 5 .054 .446 Fits 3=1.0
8 3 6 .200 .410 Fits 3=1.0

9 3 7 .083 .381 Fits 3=1.0
10 3 4 .116 .494 Fits 3=1.0

11 4 9 .090 .339 Fits 3 = 1.0
12 4 7 .227 .381 Fits 3=1.0
13 5 11 .055 .323 Fits 3=1.0

14 5 15 .231 .276 Fits 3=1.0

15 6 74 .118 .124 Fits 3=1.0
16 7 7 .140 .381 Fits 3=1.0

17 8 13 .025 .297 Fits 13 = 1.0
18 9 4 .080 .494 Fits 13 = 1.0

19 10 11 .250 .323 Fits 1=1.0

20 X) 13 .040 .297 Fits 1=1.0

21 10 15 .090 .276 Fits 1 = 1.0

22 10 14 .060 .274 Fits 1=1.0

23 10 11 .090 .323 Fits 3=1.0

24 10 16 .190 .258 Fits 3=1.0

25 10 10 .250 .322 Fits 13 = 1.0

Reliability Analysis Center, Griffiss AFB, NY 13441

Based on the results of the K-S test, it was assumed that the failure distributions of the
semiconductor devices analyzed could be described by a Weibull distribution with a slope of 1.0.
Assuming anything other than a constant failure rate would introduce unnecessary complexity into
the prediction models. The observed time-to-failure distributions were accurately represented by
an exponential distribution over the range of variables in the data. Additionally, as many different
time-dependent failure mechanism distributions are summed (since a device can be susceptible to
several failure mechanisms at one time) an exponential distribution often results.
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Time-to-failure data was not available for all discrete semiconductor device types. It was
therefore reasonable to assume that the times-to-failure of other discrete semiconductor part types
would follow the same distribution. There was no evidence in the literature that any discrete
semiconductor part types should differ from those with available times-to-failure. Furthermore,
tho part types analyzed represent a diverse cross-section of all part types, since they include both
Field Effect and Bipolar devices and members from the transistor, diode. and optoelectronic
groups.

2.3 DSR-3/DSR-4 DATA COMPARISON

Significant design and processing technology advances have been made over the past 10-15
years in the semiconductor industry. To examine the influence of these changes on semiconductor
device failure rates, the data in this publication was compared with data from similar applications
and part types in DSR-3, its predecessor. The results of this comparison are presented in Table 6.
Overall there seems to be a general improvement in observed failure rates. The three cases where
DSR-4 failure rates are worse than the corresponding DSR-3 number represent part types for
which the failure rate should probably have stabilized and the result is simply a statistical
aberration. Of particular interest is the DSR-3 to DSR-4 commercial device data comparison, since
these values are from the same data sources thereby negating some of the variations due to data
collecting practice, and application-related effects.

Table 6: DSR-3* vs. DSR-4** Component Failure Rate

(failures/10 6 hours) Comparison

DSR-3 DSR-4 DSR-3 DSR-4
Device Type Airborne Airborne Ratio Commercial Commercial Ratio

DIODE
Small Signal Switching 0.046 0.085 0.53 0.038 --- ---

Rectifier 5.833 0.2127 27.41 0.1165 0.056 2.06
Rectifier, Fast Recovery 0.4629 0.2671 1.73 --- ---

Zener 1.4905 0.1433 10.32 0.1772 0.123 1.43
Current Regulator --- --- --- --- 0.147 - - -
Varistor/Suppressor 34.4827 1.2225 28.30 --.- --- -
Tunnel --- 0.2511 --- --- 0.207 - - -

Varactor --- --- -- - 0.0886 0.235 0.37
TRANSISTOR

Bipolar, < 5W 2.6001 0.3771 6.89 0.2234 0.092 2.40
Bipolar, >=5 11.9134 0.8475 14.05 0.7242 0.272 2.66
Field Effect 8.9285 0.3953 22.59 0.4714 0.189 2.49
Unijunction --- --- 0.3831 0.307 1.24
Darlington -- - 0.8120 - - - 0.2657 ---.. - - .

THYRISTOR 1.2432 4.6824 0.26 0.6007 0.175 3.41
OPTOELECTRONIC

LED ....-. ... 0.1656 0.003 46.09

* DATA VINTAGE 1968-1978
** DATA VINTAGE 1976-1987

- - - INSUFFICIENT DATA
Reliability Analysis Center, Griffiss AFB, NY 13441
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2.4 DERATING EFFECTS
The benefits of electrical parameter derating on discrete semiconductor device reliability

have been well documented (Ref. 11, 12). Since data collected on the ARN-118 was
complemented with a detailed MIL-HIDBK-217 part stress analysis performed on that same
equipment, electrical stress levels were available for bipolar transistors and diodes. The
knowvhdge of electrical stress levels combined with detailed part-levei failure experience data
fa,'il itated the analosis Of Vcc derating for bipolar transistors and VR derating for small signal and
rectifier diodes.

The analysis was performed by linear regression of failure rate against voltage stress.
Tran.,fornations , ere performed on the failure rate and stress variables to provide results in one of
t,,vo forms:

Failure rate - exp (a1 Vs)
or

Failure rate - (vs)a2

where at and a- are regression constants and Vs is the applied voltage stress level. The form with
the best R- value for e,1ch device type would be determined from the analysis. The effects of
temperature and envirc.iment, which are not the samne for all data within the ARN- 118 dataset since
it is from several aircrafts, were normalized out assuming current MIL-HDBK-217E factors to be
correct.

Voltage stress indeed proved to have a significant effect on failure rate for high power
(>SW) bipolar transistors. This effect was not evident in the low power bipolar transistor data
collected. However, from a theoretical perspective, derating should also benefit low power
devices. Most likely, the comparatively lower failure rates and the associated higher failure rate
variability in the data prevented the confinnation of such a factor. A relationship between voltage
stress and failure rate is also evident in the data for signal and rectifier diodes.

The results of the regression analysis for transistors is:

Failure rate - exp (3.1Vs) R2 = .40 [0 < Vs: 1.01
where Vs is Vci\'ceo. The lower and upper 95% confidence interval values about "ai" are 1.72

and 4.56 respectively. This relationship is depicted in Figure 26.

The result for small signal and rectifier diodes is:

Failure rate o (V,) 2-4  R2 =.45 10V < 1.01

where Vs is the reverse voltage stress. The lower and upper 95% confidence values Thout "a2" are
.96 and 2.43 respectively. This relationship is depicted in Figure 27.

Although insufficient data was available to analyze the effects of derating for device types
other than bipolar transistors, small signal diodes and rectifiers, it is anticipated that given
sufficient data for other parts in this publication, the benefits of derating would be further
exemplified. The relationships presented are only valid within the range of stresses found in the
data analyzed. This would include stress values from .1 to 1 0, and would not include overstress
con(ditions.
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FIGURE 26: FAILURE RATE vs. VOLTAGE STRESS FOR HIGH POWER
BIPOLAR TRANSISTORS
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FIGURE 27: FAILURE RATE vs. VOLTAGE STRESS FOR SIGNAL AND
RECTIFIER DIODES
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3.0 FAILURE MODE AND MECHANISM DATA

This section presents quantitative distributions of failure modes and failure mechanisms for
transistors, diodes, liquid crystal displays and photovoltaic modules.

Failure mode here refers to the externally detectable effect of a part failure. Failure
mechanism generally refers to the chemical or physical process which caused the part to fail. An
extended definition is used herein, due to limitations in the available data, which includes the
physical location of the defect or failure within a device.

The transistor and diode data presented in Tables 7 through 10 and Figures 28 and 29 has
been compiled from reports of reliability demonstration tests conducted in accordance with MIL-
STD-78 1. All testing and device failures were therefore conducted and evaluated against similar
criteria. Only primary, verified failures were included in the data. Additionally no failures
resulting from mishandling or overstress conditions were included. Data from reliability
demonstration test reports included in DSR-3 which met the above criteria was included along with
new data collected since that publication.

Insufficient detail was available to determine if the individual parts represented in these
anaivses were hermetically sealed or plastic encapsulated. Differences in distributions of failure
modes and mechanisms would be expected depending upon many factors, including hermeticity.
However, since all diode and transistor failure mode/mechanism data was taken from military
equipments, it can be assumed that the vast majority of the parts were hermetically sealed.

Table 11 and Figure 30 present failure mode and mechanism data on a liquid crystal
displays. This data should be viewed with scrutiny in comparison with other similar parts since it
is from a single, reliable data source on a single part type. This data was included here because of
the general lack of such information within the industry. However, significantly more data must
be collected before any general conclusions can be made about the failure behavior of liquid crystal
displays.

Table 12 and Figure 31 present available failure mode data on photovoltaic cell modules.
This data was compiled from 5 experimental test sites across the United States in a program
sponsored by the United States Department of Energy (Reference 13) and used with permission of
IEEE.

The information in these tables and figures, particularly those relating to failure modes, will
be beneficial to engineers performing Failure Modes, Effects and Criticality Analysis (FMECAs) in
the evaluation of system designs.

TABLE 7: DIODE FAILURE MODES

NORMALIZED
MODE QUANTITY % %

Open 12 20.7 23.5

Short 10 17.2 19.6

Degraded 8 13.8 15.7

Intermittent 21 36.2 41.2

Unknown 7 12.1 - -

Reliability Analysis Center, Griffiss AFB, NY 13441
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DIODE FAILURE MODE DISTRIBUTION

Unknown 12.1%
Short 17.2%

Open 20.7%

Intermittent 36.2%

Degraded 13.8%

Reliability Analysis Center, Griffiss AFB, NY 13441

FIGURE 28: DIODE FAILURE MODE DISTRIBUTION

TABLE 8: DIODE FAILURE MECHANISMS/LOCATION

MECHANISM/ NORMALIZED

LOCATION QUANTITY % %

Wire Bond 2 5.6 8.7

Broken Wire 1 2.8 4.3

Contamination 2 5.6 8.7

Cracked Die 4 11.1 17.4

Cracked Glass Case 10 27.8 43.5

Lifted Wire 1 2.8 4.3

Package 1 2.8 4.3

Whisker Alignment 2 5.6 8.7

Unknown 13 36.1 - -

Reliability Analysis Center, Griffiss AFB, NY 13441
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TABLE 9: TRANSISTOR FAILURE MODES

NORMALIZED
MODE QUANTITY % %

Open 49 52.1 56.3

Short 17 18.1 19.5

Degraded 14 15.0 16.1

Intermittent 7 7.4 8.0

Unknown 7 7.4 - -

Reliability Analysis Center, Griffiss AFB, NY 13441

TRANSISTOR FAILURE MODE DISTRIBUTION
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Reliability Analysis Center, Griffiss AFB, NY 13441

FIGURE 29: TRANSISTOR FAILURE MODE DISTRIBUTION

30



TABLE 10: TRANSISTOR FAILURE MECHANISM/LOCATION

MECHANISM/ NORMALIZED 1
LOCATION QUANTITY%%

Wire Bond 26 27.7 43.3

Die 7 7.4 11.7

Contamination 1 1.1 1.7
Lifted Die 1 1.1 1.7
Metallization 14 14.9 23.3

Oxide Defect 3 3.2 5.0
Interconnect 8 8.5 13.3

Unknown 34 36.1--

Reliability Analysis Center, Griffiss AFB, NY 13441
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TABLE 11: LIQUID CRYSTAL DISPLAY FAILURE DISTRIBUTION

FAILURE LOCATION AND
ASSOCIATED MODES QUANTITY %

Conductive Epoxy Interconnect
Dim Rows 44 33.3
Flickering Rows 22 16.7

Missing Rows 5 3.8
Integrated Circuit

Blank Display 9 6.8
Improper Characters 16 12.1

Zebra Strip

Flashing Dots 5 3.8
Missing or Dim Columns 11 8.3

Miscellaneous Manufacturing Defects 20 15.2

Reliability Analysis Center, Griffiss AFB, NY 13441

LIQUID CRYSTAL DISPLAY FAILURE MODE DISTRIBUTION*

Flickering Rows 16.7%

Dim Rows 33.3%

Missing Rows 3.8%

Improper Characters
12.1%

Missing or Dim Columns
8.3%

. Misc. Mfg. Defects 15.2%

Flashing Dots 3.8%
Blank Display 6.8%

*Based on testing of 3600 32-Character (5x7 Dot Matrix) Liquid Crystal Display Reliability Analysis Center, Griffiss AFB, NY 13441

FIGURE 30: LIQUID CRYSTAL DISPLAY FAILURE MODE DISTRIBUTION
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TABLE 12: PHOTOVOLTAIC CELL MODULES FAILURE DISTRIBUTION

FAILURE TY-PE QUANTITY%

Interconnect Fractures 64 1 8.4

Unsoldered Interconnects 30 8.6

Cracked Cells 117 33.6
Dielectric Breakdown 31 8.9

Encapsulant Delamination 77 22.1

Wire and Terminal Corrosion 21 6.1

Exposed Interconnects 8 2.3

Reliability Analysis Center, Griffiss AFB, NY 13441

PHOTOVOLTAIC CELL ARRAY FAILURE MODE DISTRIBUTION*

Exposed Interconnects
2.3%7

Encapsulant
Delamiunation 22.1%

Cracked Cells 33.6%

Interconnects 8.6%

Wire and Terminal
Corrosion 6.1%.....

Interconnect Fractures
Dielectric Breakdown 18.4%

8.9%

(C) 1982 wLF ith permission from Dumnes. L. and S. Shumnka. "Photovoltaic
Module Reliability Improvemenrts Through Application Testing and Failure Analysis.Rla"iyAayi eerGifs ~I Y 134
1FF Transactions, on Reliability. Vol R-3, No. 3, August 1982. p. 234ReibltAn yssC trG fi sAI ,N 134

FIG;URE 31: PHOTOVOLTAIC CELL ARRAY FAILURE MODE DISTRIBUTION
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4.0 DETAILED DATA

This section presents the detailed failure rate data for diodes, transistors, thyristors and
optoelectronics, in that order. Descriptions of the various column entries are given in Section 1.0,
"User's Guide to DSR-4." Each of the four part categories (diodes, transistors, thyristors and
optoelectronics) are broken down into subcategories which further define the part type. For
example, under the diode listing are: small signal switching, small signal general purpose,
rectifier, fast recovery, etc. These subcategories are listed below. Within each subcategory, part
level data is listed in order by test type (life then field) and then by generic part number.

The data fields and associated field values in the detailed data section are explained below:

Diode
Small Signal, Switching
Small Signal, General Purpose
Rectifier
Rectifier, Fast Recovery
Rectifier, Bridge, Full Wave
Zener
Zener, Voltage Regulator
Zener, Voltage Reference
Current Regulator
Transient Suppressor
Microwave, Tunnel
Microwave, Schottky Barrier
Microwave, PIN
Microwave, Varactor
Microwave, GUNN Effect
Microwave, IMPAT

Transistor
Bipolar, NPN
Bipolar, PNP
Field Effect, Junction, N-channel
Field Effect, Junction, P-channel
Field Effect, MOS, N-channel
Field Effect, MOS, P-channel
Unijunction
Microwave/RF, Field Effect
Microwave/RF, Bipolar
Multiple, Complementary Pair
Multiple, Darlington
Multiple, Matched Pair
Special Function, Chopper

Thyristor
Thyristor
SCR
TRIAC
Triode, Trigger
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Optoelectronic
Emitter, Single LED
Emitter, Single LED, Infrared
Emitter, LED Array
Emitter, Laser Diode
Sensor, Photodiode
Sensor, Phototransistor
Photocoupler,
Photocoupler, Phototransistor Output
Photocoupler, Photodarlington Output
Photocoupler, IC Output
Alphanumeric Display, LED, Segment Type
Alphanumeric Display, LED, Array Type
Alphanumeric Display, Liquid Crystal
Photovoltaic Module

The data fields and associated field values in the detailed data section are described below:

Field Description

Part Number The basic device part number plus suffix. "--" indicates
unknown part number.

Slash Number The MIL-slash number according to MIL-S-19500, Military
Specification: Semiconductor Device, General Specification
for. "--" indicates an unknown MIL-slash number.

Equipment Reference The system/equipment nomenclature from which the data
was obtained. All data sources are described in detail in
Section 5.0. For test data, N/A refers to not applicable.

Package Type The outline package reference designation. "--" indicates
unknown drawing number.

Semi. Material The semiconductor material the component is fabricated
from:

-- Unknown
Si Silicon
Ge Germanium
GaAs Gallium-Arsenide
GaP Gallium Phosphide
GaAsP Gallium-Arsenide-Phosphide
AlGaAs Aluminum-Gallium-Arsenide

Quality Level A factor describing both the screen level and package
hermiticity of the device as described in MIL-S-19500
including: JANTXV, JANTX, JAN, Lower (Commercial
Hermetic) and Plastic (Commercial Plastic Encapsulated)
"--" indicates unknown quality level. In addition, the
following quality levels were employed to further
characterize non-MIL-S-19500 part types:
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Field Description

Quality Level (cont'd)
JTXEQU - Screening equivalent to JANTX level for

NON-QPL parts
JANEQU - Screening equivalent to JAN level for

NON-QPL parts

HERMETIC - Hermetically packaged laser diode

FACET COAT - Laser diode with Facet Coating and
nonhermetic package

App Env The MIL-HDBK-217E-type application environment coded
as:

Application Environment Code
Unknown
Ground Benign GB
Ground Fixed GF
Ground Mobile GM
Man Pack MP
Naval Sheltered NS
Naval Unsheltered NU
Naval Undersea Unsheltered NUU
Naval Hydrofoil NH
Airborne Inhabited Al
Airborne Inhabited Cargo AIC
Airborne Inhabited Trainer AIT
Airborne Inhabited Bomber AIB
Airborne Inhabited Attack AIA
Airborne Inhabited Fighter AIF
Airborne Uninhabited AU
Airborne Uninhabited Cargo AUC
Airborne Uninhabited Trainer AUT
Airborne Uninhabited Bomber AUB
Airborne Uninhabited Attack AUA
Airborne Uninhabited Fighter AUF
Airborne Rotary Winged ARW
Missile Launch ML
Cannon Launch CL
Undersea Launch UL
Missile Free Flight MFF
Airbreathing Missile Flight MFA

Temp The temperature in degrees Centigrade associated with the
device failure. An "A" following the entry indicates
ambient temperature, "C" indicates case, and "J"
indicates junction temperature. "--" indicates unknown
temperature.
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Field Description

Rated Current The current rating in Amperes of the device. This value is
given for diodes, thyristors and optoelectronic devices as
follows:

Small Signal, Switching Diode, forward current (If)

Small Signal, General Purpose Diode, forward current (If)

Rectifier Diode, forward current (If)

Zener Diode, dynamic impedance current (Iz)

Thyristors, maximum static on-state current (If)

LED, forward current (If)

Laser Diode, forward current (If)

Sensor, Photodiode, forward current (If)

Sensor, Phototransistor, collector current (Ic)

Photocoupler, forward current (If)

"--" indicates unknown

Rated Power The maximum rated power dissipation in Watts. This value
is given for transistors, and photovoltaic cell arrays.
indicates unknown.

Voltage Stress The applied divided by the rated voltage for the device.
Stresses given are for the following parameters:

Small Signal, Switching Diode, working peak reverse
voltage (VRWM)

General Purpose Diode, working peak reverse voltage
(VRWM)

Rectifier Diode, working peak reverse voltage (VRWM)

"--" indicates unknown

Current Stress The applied divided by the rated current for the device.
Stresses are given for the following parameters:

Small Signal, Switching Diode, average forward current (If)

Small Signal, General Purposed Diode, average forward
current (If)

Rectifier Diode, average forward current (If)
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Field Description

Current Stress (cont'd)
Thyristor, maximum static on-state current (It)

Bipolar Transistor, collector current (Ic)

Field Effect Transistor, reverse gate current (Igss)

Unijunction Transistor, emitter current (le)

LED, forward current (If)

Laser Diode, forward current (If)

Sensor, Photodiode, forward current (If)

Sensor, Phototransistor, collector current (Ic)

Photocoupler, forward current (If)

"--" indicates unknown

Freq. Band Operating frequency for microwave devices coded
as follows:

Approximate Band (Code) Frequency (GH 7 )

Unknown

< 1GHz <1 GHz
L 1- 1.9
s 2-3.9
C 4- 7.9
X 8- 11.9
Ky 12- 17.9
K 18-25.9
Kq 26- 39.9
Q 40-49.9
V 50-54.9
W 55-99.9
D 100- 149.9
G 150- 199.9
Y 200 - 249.9
** > 250.0

Duty Cycle Percentage of time the device is under electrical stress.
"--" indicates unknown duty cycle.

Character Count The number of characters present in a optoelectronic
alphanumeric display. "--" indicates unknown character
count.
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Field Description

Diode Count The number of LEDs comprising an optoelectronic array or
alphanumeric display. "--" indicates unknown diode count.

Voc Open circuit voltage for photovoltaic modules. indicates
unknown.

Isc Short circuit current for photovoltaic modules. "--" indicates
unknown.

Number Tested Quantity of parts under the described test or field conditions
for that data point. "--" indicates unknown quantity tested.

Number Failed The quantity of parts in the number tested column which
failed.

Part Hours The total number of parts tested multiplied by the total
operating hours

Failure Rate The total quantity of failures divided by the total
quantity of part hours for records with failures.
Units are failures per 106 operating hours.
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5.0 DATA SOURCES

Discrete semiconductor devices are employed in essentially all military and commercial
electronic equipments. The sheer magnitude of the available equipments, each a potential candidate
for discrete semiconductor device data collection, is overwhelming. For this reason, numerous
data sources were evaluated based upon a predetermined set of evaluation criteria, and the best of
these sources were pursued further for data.

The evaluation criteria imposed were:

( I ) Data available to the part level
(2) Primary failures can be separated from total maintenance actions
(3) Sufficient detail surrounding the failure conditions
(4) Part hours can be precisely determined
(5) Sufficient equipment hours to expect discrete semiconductor failures
(6) Age of data
(7) Existence of low population and state-of-the-art parts
(8) Application environment
(9) Diversity of discrete semiconductor part types

The data source selection task resulted in selection of a core group of sources with known
failure reporting accuracy.

A major area of interest was Reliability Improvement Warranty (RIW) program data.
Equipments procured under RIW contract are subjected to more thorough failure diagnosis. Also,
failure documentation is much more complete than the data available through other automated
military data retrieval systems. Applicable RIW equipments used for this effort are the AN/ARN-
118, the F-16 Heads-Up-Display and the F-16 Flight Control Computer.

Each field data source -,elected is described in detail in Table 13. Data Sources I through 5
are the principle sources of failure data for this book, providing over 90% of the data. Sources 6
through 15 were selected specifically for microwave transistor failure data.

In the table, column one contains the data source number by which the system/equipment
data in column 2 is referred to in all figures and graphs in the text. Column three is a brief
description of the system/equipment including a complete description by application environment.
Column five describes the data collection system through which the data was made available.
Although all data sources were screened carefully according to common criteria, differences do
exist and may cause natural biases within the data. For example, all commercial data collected
(Source 5) was first-year warranty data. Over 75 percent of this data was from plastic
encapsulated components which performed at a given reliability level during the warranty period.
However, since the main concerns with plastic devices is in regard to their long-term reliability
(Reference 14), these concerns are not addressed by the data. Navy 3M data is on-equipment
maintenance data which is often not traceable to the precise part level, since its intent is to
document maintenance activity and not specifically to provide reliability data. However, in the case
of the BRD-7 (Source 4), the Navy combined these maintenance actions with careful reporting
practices at the depot level and failure analysis, with the specific intent of providing pertinent
reliability information. Contractor internal data tracking (Sources 6-15) refers to on-site collection
of piece-part failure data by the contracting activity. Contractor field test data (Source 7) is similar,
with the exception that the equipment/system is operating under fielded conditions, not to
accomplish its intended mission, but to test its ability to do so. Time frame of the data refers to the
period during which the data was generated. The temperature column gives an estimate of the
ambient temperature of the system application with the exception of the microwave transistor data
sources for which actual junction temperatures were available (indicated by a "J" following the
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Lemperature value). The quality level designator gives the overall screening level and package
hermeticity of the components within the data source. All JAN, JANTX, JAN-equivalent, and
JANTX-equivalent components are hermetically sealed. The JANTX-equivalent and JAN-
equivalent quality levels refer to components, namely microwave transistors, which were screened
to all JANTX or JAN specifications but are not on the QPL (Qualified Parts List) because they are
special application-specific components.

Although the data collection efforts for this book were concentrated on the collection of
field experience data, life test data could not be ignored. For example, life test data was the only
source of quantitative reliability data for GaAs power FETs. Additionally, test data is an excellent
source of time-to-failure, failure mode/mechanism and temperature dependence data. Test data was
pursued by making telephone contact with manufacturers and testing facilities, and by identifying
documented sources of life test data.

Other device types for which significant life test data was collected are laser diodes,
microwave diodes, and photocouplers. Both field and life test data are presented in the detailed
data section.

In addition, failure mode and mechanism data was collected from reliability demonstration
test reports on the following military equipments:

* Patriot missile
• FPS- 117 (SEEK IGLOO)
* AN/TRC-176 Radio Set
• OL-275 VRC Steerable Null Processing Group (SNAP-i)
* AN/ARN-1 18 Navigation Set

Due to the scarcity of such data, this new data was carefully combined with the reliability
demonstration data previously presented in DSR-3. All testing included was conducted in
accordance with MIL-STD-781. Only primary failures (as defined in MIL-STD-721, Definitions
of Terms for Reliability and Maintainability) not induced by mishandling or overstress conditions
were included.

The exceptions to this are the failure mode/mechanism data for liquid crystal displays,
which was obtained from a single data source of in-house testing and failure analysis of a single
display type: and photovoltaic cell data which was compiled from the U.S. Department of Energy's
National Photovoltaic Program. Exceptions were made for these devices due to the scarcity of
available data and the absence of MIL-STD-781 type data relating to them.
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